Planktonic larvae encounter variability in the marine environment as they develop, and rates of larval development are affected by changes in certain environmental variables. We examine the effects of variation in environmental parameters on the duration of the naupliar period of Balanus glandula larvae. Naupliar development rate is modeled as a function of temperature and food concentration. Simulations of the time course of development were driven by time series of temperature and food concentration collected at two locations on the US west coast. Predicted naupliar durations are reasonable in comparison to previous observations. Simulations of larval development and dispersal were driven by output of a three-dimensional physical circulation model and remotely sensed chlorophyll. These simulations demonstrate the impact of spatial variation in current velocity, temperature and chlorophyll on the duration of the larval period, the dispersal trajectory of these organisms and ultimately on recruitment success. Our naupliar development model coupled with a physical circulation model is a useful tool for addressing questions of intertidal population ecology.
Planktonic larvae encounter variability in the marine environment as they develop, and rates of larval development are affected by changes in certain environmental variables. We examine the effects of variation in environmental parameters on the duration of the naupliar period of Balanus glandula larvae. Naupliar development rate is modeled as a function of temperature and food concentration. Simulations of the time course of development were driven by time series of temperature and food concentration collected at two locations on the US west coast. Predicted naupliar durations are reasonable in comparison to previous observations. Simulations of larval development and dispersal were driven by output of a three-dimensional physical circulation model and remotely sensed chlorophyll. These simulations demonstrate the impact of spatial variation in current velocity, temperature and chlorophyll on the duration of the larval period, the dispersal trajectory of these organisms and ultimately on recruitment success. Our naupliar development model coupled with a physical circulation model is a useful tool for addressing questions of intertidal population ecology.
I N T R O D U C T I O N
The structure of nearshore marine ecosystems relies heavily on the dispersal of marine larvae (Gaines and Roughgarden, 1985; Gaines and Lafferty, 1995) . For many benthic invertebrates, the role of larvae is to reduce risks of extinction by colonizing new habitat and enhancing gene flow (Day and McEdward, 1984; Pechenik, 1999) . The distances that larvae are transported depend not only on the magnitude and direction of ocean currents, but also on the duration of the larval development process (Jackson and Strathmann, 1981; Day and McEdward, 1984; Scheltema, 1986) . Thus, in order to fully understand nearshore ecology, it is critical to assess the duration of the planktonic larval phase.
A major goal of marine ecology is to model population dynamics. Previous modeling efforts of intertidal organisms have combined a planktonic larval phase and a benthic adult phase to examine barnacle population dynamics (Roughgarden et al., 1988; Possingham and Roughgarden, 1990; Alexander and Roughgarden, 1996) . These studies focused on the importance of the larval dispersal phase, which is the least well understood component (Eckman, 1996) , and were significant in beginning to determine the role of physical processes on fluctuations in intertidal populations. However, one aspect that has not been considered in these models is that larval duration varies with environmental conditions, and thus the potential for dispersal will also vary. We present a model that predicts the larval duration of Balanus glandula as a function of environmental variables. This model, coupled with a physical circulation model, provides a useful tool for addressing questions of intertidal population ecology.
Larval development is affected by environmental conditions. Temperature strongly affects rates of feeding and metabolism (Pechenik, 1987) . The availability of food in the environment is also an important factor. When food concentration is inadequate, planktotrophic larvae cannot obtain energy for growth (Pechenik, 1987; BoidronMetairon, 1995) . In cirripedes, the rate of larval development is regulated by both temperature and food concentration (Scheltema and Williams, 1982; Pechenik, 1987; Anil and Kurian, 1996; Anil et al., 2001) . Other environmental factors, such as salinity, can also affect development (Rosenberg, 1972; Pechenik, 1987) . Although there are general patterns, the effects of environmental factors vary by species (Day and McEdward, 1984) . If the effects of these variables can be quantified for a particular species, we have the ability to predict the development rate of an average larva in a cohort of that species.
Balanus glandula is a common acorn barnacle with a habitat range from Alaska to northern Baja (Barnes and Barnes, 1956 ). This species has been studied since the time of Charles Darwin (Darwin, 1854) and continues to be of interest in areas of research including intertidal community structure (Gaines and Roughgarden, 1985; Menge, 2000) , population genetics (Wares et al., 2001; Sotka et al., 2004) , larval dispersal (Possingham and Roughgarden, 1990; Alexander and Roughgarden, 1996) and recruitment dynamics (Farrell et al., 1991; Roughgarden et al., 1991) . The sessile adults are found in the mid to upper rocky intertidal zone, and for populations to persist their larvae must return to similar habitat after developing in the open water (Foster, 1987) . Distinct metamorphic stages of barnacle larvae make tracking the progress of larval development a straightforward task (Branscomb and Vedder, 1982; Brown and Roughgarden, 1985) .
The life history of B. glandula is similar to other balanoid barnacles (Brown and Roughgarden, 1985) . Balanus glandula adults carry broods of embryos that hatch into naupliar larvae within the mantle cavity (Hines, 1978) . The B. glandula nauplius is a planktotrophic larva which feeds primarily on diatoms (Brown and Roughgarden, 1985; Anderson, 1994) . Larvae are released into the water column as stage I or II nauplii and subsequently develop through six feeding naupliar stages (Brown and Roughgarden, 1985) (Fig. 1) . The duration of naupliar development was estimated in Puget Sound, Washington, as 2-4 weeks . Stage VI nauplii undergo metamorphosis into non-feeding cyprid larvae. Cyprids are specialized for seeking habitat for settlement in the intertidal zone (Strathmann, 1987) . They must find a settlement site before their lipid reserves are depleted, which typically occurs after 3-4 weeks (Lucas et al., 1979; Strathmann et al., 1981) . Once they have attached to a substrate, the cyprids metamorphose into a sessile juvenile and are then considered to be new recruits to the benthic population.
In this article, we present a larval development model with parameters based on the measured effects of temperature and food concentration on B. glandula nauplii. Cyprid development is not modeled for two reasons. First, cyprids do not feed and are therefore not affected by ambient food concentrations. Second, cyprid duration is determined by the proximity of suitable habitat and/or the depletion of stored energy reserves and thus is dependent on general circulation patterns and cyprid behavior in addition to naupliar development history. The purpose of this article is to simulate the duration of the naupliar stages under varying environmental conditions. The following sections present the parameterization of the naupliar development model and the results of selected simulations. The effects of temperature and food concentration on B. glandula nauplii are modeled using existing data. We use this model to simulate temporal patterns in the duration of the naupliar period and compare the results to previous observations. Next, we couple the larval development model to output from a three-dimensional circulation model of Monterey Bay, California, USA, to simulate larval dispersal. Finally, we discuss the significance of predicting naupliar duration in terms of modeling larval ecology.
M E T H O D Naupliar development model
The rate of development through the naupliar larval stages is modeled as a function of temperature and Fig. 1 . Stages of development of Balanus glandula larvae, with the fraction of the total time to reach the cyprid stage that is completed by the end of each naupliar stage. Body forms (with appendages omitted) are to scale in relation to one another. Each stage is denoted by 'NI', 'NII'... for 'Nauplius I', 'Nauplius II'.... Stage NI is not plotted separately but is implicitly included in NII duration. Data and drawings replotted with permission from Brown and Roughgarden (Brown and Roughgarden, 1985) where rate is the larval development rate (day À1 ), temperature is the average ambient temperature ( C) and food is the concentration of chlorophyll a (mg Chl a L À1 ). 'Maturation' refers to how much developmental progress a larva has made toward completing all six naupliar stages. In this article, 'development rate' is defined as the fraction of maturation that is completed per time step and refers only to the progression through the naupliar period. The length of time spent from larval release until the beginning of the cyprid stage is termed 'naupliar duration'. Temperature and food concentration parameters were selected from previous studies that investigated the combined effects of temperature and food concentration on B. glandula naupliar development. The data from these studies that are included in the model met two criteria: temperature and food concentration in the cultures were held constant at known levels throughout the naupliar development period, and naupliar duration was measured from the time larvae were released to when approximately half of the nauplii metamorphosed to the cyprid stage.
Though the growth rates of many crustacean larvae have been observed to decrease at extreme salinities (Harms, 1986; Pechenik, 1987) , variations in salinity have not been shown to affect the development rate of B. glandula. In addition, previous studies of the effects of salinity on development of Balanus amphitrite (Anil et al., 1995) and Elminius modestus (Harms, 1986) found that naupliar development was affected by changes in salinity of 10. Even over this range in salinity, however, the effects of salinity on development rates were small in comparison to the effects of temperature (Harms, 1986; Anil et al., 1995) . In each location of two measured time series used in this article to drive simulations of naupliar development, the maximum range in salinity was a difference of only 2. Thus, salinity was not included in the naupliar development model.
Temperature effects on development rate
Increases in temperature, within normal ranges, have a positive effect on the development rate of barnacle larvae (Barnes and Barnes, 1958; Strathmann et al., 1981; Anil and Kurian, 1996) ; however, if temperatures are outside a tolerable range, larval development slows down (Pechenik, 1987) . The temperature limits are not known for B. glandula larvae, but limits on reproduction in adult barnacles suggest that temperatures greater than [17] [18] [19] [20] C are detrimental to larval development. A laboratory study found that brooding was inhibited by temperatures above 20 C for B. glandula adults collected in central California (Hines, 1979) . Field observations in southern California suggest that B. glandula only breeds when water temperatures are below 17 C (Barnes and Barnes, 1956) . Average naupliar durations of B. glandula over a range of temperatures were gathered from laboratory studies (Brown and Roughgarden, 1985 ; R. B. Emlet, Oregon Institute of Marine Biology, unpublished data). As an example of the relationship between temperature and development rate, naupliar durations at a constant food concentration (1 Â 10 5 cells mL À1 ) from these laboratory studies are plotted for temperatures from 9 to 16 C ( Fig. 2) . In general, development rate increases as temperature increases. The development rates increase faster at higher temperatures ( Fig. 2) , possibly because larval feeding efficiency and metabolic rates can increase with temperature (Scheltema and Williams, 1982; BoidronMetairon, 1995; Bolton and Havenhand, 2005) . Studies on other barnacle species have used power equations (with exponents <1) to describe the relationship between temperature and naupliar duration (Harms, 1986; Anil and Kurian, 1996) . However, not enough data are available to determine a similar relationship between temperature and naupliar development rate for B. glandula at multiple food concentrations. Instead, intermediate development rates are estimated by linear interpolation between the observed rates obtained from the laboratory studies. To examine the effects of using linear interpolation, Fig. 2 . Observed rate of development (day À1 ) through the naupliar stages for temperatures from 9 to 16 C. Data are measurements of larvae grown at 1 Â 10 5 cells mL À1 in laboratory cultures (Brown and Roughgarden, 1985 ; R. B. Emlet, Oregon Institute of Marine Biology, unpublished data). naupliar development rates were calculated for 100 grid points between 9 and 16 C, at 1 Â 10 5 cells mL À1 , by interpolating linearly between the known data and by fitting an exponential curve to the data. The percent difference in development rates predicted by the linear and exponential methods was calculated at each grid point. The mean percent difference over all grid points was 5% (range 0.1-11%), thus the effects of using a linear method are small. The largest percent difference in predicted development rates occurs when temperature is greater than 15 C.
Food concentration effects on development rate
Larval development rates increase as food concentration increases, within a certain range (Pechenik, 1987; Anil and Kurian, 1996; . As food concentrations become very high, the food uptake rate of planktotrophic larvae will approach a maximum (Frost, 1972; Walker et al., 1987) . A variety of factors influence this maximum rate, including, but not limited to, temperature, gut clearance rates and the size of the food particles (Frost, 1972; Peters and Downing, 1984; Mayzaud et al., 1998; Loiterton et al., 2004) . Additionally, very high concentrations of cells can clog the feeding appendages of nauplii and cause mortality (Walker et al., 1987) . Information on naupliar duration was obtained from laboratory studies in which B. glandula larvae were raised over a range of food concentrations and at known temperatures (Hentschel and Emlet, 2000 ; R. B. Emlet, Oregon Institute of Marine Biology, unpublished data). To describe a relationship between food concentration and larval development rate, development rate data are plotted for B. glandula nauplii raised with varying food concentrations (1 Â 10 4 -1 Â 10 5 cells mL À1 ) at a constant temperature (12.5 C) (Fig. 3) . The naupliar development rate increases between food concentrations of 1 Â 10 4 and 2.5 Â 10 4 cells mL À1 . For food concentrations between 2.5 Â 10 4 and 1 Â 10 5 cells mL À1 , differences in naupliar duration were less than the two day resolution of the laboratory studies. Nauplii may have been saturated with food concentrations above 2.5 Â 10 4 cells mL À1 at a temperature of 12.5 C. Naupliar feeding rates decrease with decreasing temperature (Scheltema and Williams, 1982) , thus it may take greater food concentrations for larvae to be saturated at temperatures below 12.5 C. While the larvae of B. amphitrite are not successfully grown with fewer than 10 3 cells mL À1 in laboratory cultures , average food concentrations in the field are often lower. No data was available for B. glandula naupliar durations at <1 Â 10 4 cells mL
À1
; thus the effects of low food concentrations, which would be experienced in the field, could not be determined directly.
In order for the naupliar development model to be useful for applications in the field, it was necessary to extend naupliar development rate as a function of food concentration to lower food concentrations. Development rates were extended linearly from 1 Â 10 4 cells mL
, the lowest measured food concentration, to a food concentration of zero (Fig. 3, dashed line) . This method may predict positive development rates at food concentrations that are actually too low for any energy to be available for development. However, this method does not require selecting an arbitrary minimum food concentration threshold. Furthermore, the difference between development rates calculated using a minimum threshold of 10 3 cells mL À1 and using a minimum threshold of 0 cells mL À1 was small. The percent difference in development rates predicted by these two methods of extrapolating food concentration was calculated at 900 grid points between 9-16 C and 10 3 -10 4 cells mL
. On average, predicted development rates are 13% slower when the minimum food concentration is 10 3 cells mL
than when the minimum is 0 cells mL À1 (range 0-52%). The maximum difference in predicted development rates at any temperature occurs at the lowest food concentration.
Conversion of cells per volume to chlorophyll concentration
The laboratory studies of B. glandula development report food concentrations in terms of number of diatom cells per volume. However, field measurements of algal biomass are often measured as Chl a concentrations because these values are easily obtained by fluorometry or remote sensing. Since algal biomass can be estimated from Chl a concentrations and barnacle larvae feed primarily on algal cells (Strathmann, 1987; Anderson, 1994) , Chl a (hereafter referred to as chlorophyll or Chl a) is used in the model as a proxy for environmental food concentrations. The ratio of chlorophyll to carbon in phytoplankton biomass varies with environmental conditions such as light, temperature and nutrients (Cloern et al., 1995; Geider and MacIntyre, 2002) . The ratio can be modeled as a function of these environmental variables (Flynn, 2003) ; however, levels of irradiance and nutrients are not known for the cultures used in laboratory studies of B. glandula development. Uncertainty in the naupliar development model that arises from using chlorophyll as a proxy for food concentration is discussed in Limitations of the model. Ideally, the chlorophyll concentration of larval food would be measured directly, but this information was not available from the laboratory studies of naupliar development. For this reason, food concentrations from the laboratory studies were converted to chlorophyll concentrations. The conversion was done in two steps: (i) The estimated cell volume of culture food was converted to cellular carbon content and (ii) carbon was converted to an estimate of chlorophyll per algal cell. Menden-Deuer and Lessard (Menden-Deuer and Lessard, 2000) give the following relationship between cell volume and cellular carbon for diatoms:
where C is carbon in picograms per cell and V is cellular volume in cubic microns. Equation (2) is a regression of carbon to cell volume ratios measured in individuals of several species of diatoms ranging in size from 10 2 to 10 7 mm 3 (Strathmann, 1967; Menden-Deuer and Lessard, 2000) . All of the laboratory studies included in our analysis used unialgal cultures of the diatom Skeletonema costatum. Because the cell diameter of S. costatum can vary by a factor of 10 (R. Kudela, University of California Santa Cruz, personal communication), the selection of a typical cell volume is not straightforward. The MendenDeuer and Lessard equation includes data from Strathmann, who measured a range in S. costatum cell volume of 80-190 mm 3 (Strathmann, 1967 (Smart, 2003) . The second volume corresponds to a carbon content of 66 pg C cell À1 by equation (2). We chose the average of the carbon content calculated from these two reported cell volumes, 41 pg C cell À1 , to represent a typical S. costatum cell in culture. Chlorophyll content can be related to cellular carbon as follows: 1 mg Chl a is equivalent to 1 mM nitrogen in a typical phytoplankton cell (McCarthy et al., 1977; Garside, 1991) , and assuming Redfield ratios, 1 mM N relates to 7 mM C. Converting 7 mM C to grams gives a relationship of 84 mg C per mg Chl a in a typical cell. The ratio of C : Chl a measured in cultures varies with temperature, light and nutrient conditions over a typical range of 30-150 (Eppley, 1972; Omori and Ikeda, 1984) . The derived approximation of 84 as the ratio of C : Chl a falls close to the middle of this range. Using this approximation, an average S. costatum cell would contain 0.5 pg Chl a. Food concentrations (cells mL À1 ) from the laboratory studies were converted to chlorophyll concentrations (mg Chl a L À1 ) by multiplying cells per milliliter by a factor of 5 Â 10 À4 mg Chl a L À1 per cell mL À1 . The converted food concentrations, along with temperature, were used in the formation of a matrix of naupliar development rates (Fig. 4) . ) for a range of temperatures and food concentrations. Contours are plotted from a matrix of naupliar development rates that was formed by linear interpolation between the measured development rates. Contour interval is 0.005 day À1 . Horizontal line at 8.1 mg Chl a L À1 indicates the maximum food concentration in two measured chlorophyll time series.
Development rate matrix
Naupliar development rate data collected from laboratory studies were put in a matrix with temperature on the x-axis, food concentration on the y-axis and development rate on the z-axis (Fig. 4) . This matrix includes the data presented in Figs 2 and 3, as well as all other data from laboratory studies meeting the criteria outlined in the preceding sections. The matrix has an upper boundary of 1 Â 10 5 cells mL À1 , which corresponds to a chlorophyll concentration of 49 mg Chl a L À1 by our conversion method. This chlorophyll level is above the range of typical field measurements. As described previously, naupliar development rates were extended to encompass the lower range of natural food concentrations by assuming that the development rates go to zero when no food is present (Fig. 3) . The development rates measured by laboratory studies were placed on a grid with spacing of 0.07 C for temperature and 0.49 mg Chl a L À1 for chlorophyll. Development rates for values of temperature and food concentration at each grid point were calculated by linear interpolation between the measured data, using the function 'griddata' in Matlab, version 6.5 (MathWorks, 2005) . Figure 4 shows contours of development rates plotted from these grid values over temperatures and food concentrations that increase in the x and y directions, respectively. These contours can be used as a lookup table to estimate the development rate that would arise from particular combinations of temperature and food concentration. As one example, the intersection of 13 C and 10 mg Chl a L À1 lies on the development rate contour of 0.075 day À1 (Fig. 4) . Although the temperature range of the development rate data from laboratory studies is 9-16 C, surface temperatures along the habitat range of B. glandula occasionally rise above or fall below this range. Model input temperatures above 16 or below 9 C were assumed to cause the same development rate as 16 or 9 C, respectively, for a given food concentration. This method of extrapolation may tend to over-predict development rates under very low temperatures and under-predict development rates for temperatures above 16 C that have not reached the point of limiting development. The temperature input data used in all simulations fall within 4
C of the imposed range of 9-16 C. Concentrations of phytoplankton in the natural environment are patchy in both space and time (Miller, 2004) . This means that larvae may not have a continuous supply of food. Starved nauplii may be able to continue developing for a short amount of time by utilizing energy reserves. However, in a study of Balanus improvisus, starving stage II nauplii for 48 h resulted in a longer development duration (Lang and Marcy, 1982) . In addition, short-term starvation periods (0.5-2 days) were found to increase the naupliar period by up to 1.5 days in larvae of B. amphitrite . To account for the longer development duration observed in starved barnacle larvae, in the model development stops when the food concentration is zero (the assumed minimum threshold for development) and resumes when food is greater than zero (Figs 3 and 4) . This simplification is necessary because there is not enough information about the delayed effects of starvation in B. glandula larvae to include these effects in a model. There is usually a 'point of no return', where larvae have been starved for so much of their developmental period that they cannot recover even when food is replaced (BoidronMetairon, 1995) . For marine invertebrate larvae, this point is often reached when food is unavailable for $70% of the maximum larval duration (BoidronMetairon, 1995) . The cumulative effect of starvation is not explicitly considered in the naupliar development model. However, if the duration of model simulations is sufficiently short, larvae that lack food for too great a proportion of the simulation will not develop enough to complete the naupliar period. As a check, larvae that starve for >70% of the length of simulations of naupliar development are counted as unsuccessful even if development is completed within the simulation time.
Model simulations
Five simulations of naupliar development using input time series of temperature and chlorophyll were run to test the naupliar development model. Simulations 1, 2 and 3 (Table I) were driven by hypothetical input time series of temperature and food concentration. These time series simulate average seasonal patterns in central California. In the temperature time series, temperatures are low in spring, increase in the summer months and decrease in the autumn and winter months. The range in temperature is 10-15 C in the hypothetical time series (Fig. 5A ). This temperature range was based on observations of surface temperatures collected over 7.5 years in Monterey Bay, California, which ranged between 11.5 and 15 C on average (Pennington and Chavez, 2000) . The food concentration time series represents spring and autumn algal blooms. Chlorophyll was set to vary from 2 mg Chl a L À1 in the winter months to 12 mg Chl a L À1 at the peak of the blooms (Fig. 5D ). This range in chlorophyll was based on long-term surface chlorophyll measurements in Monterey Bay, which ranged from undetectable to a maximum between 10 and 15 mg Chl a L À1 (Pennington and Chavez, 2000) . In simulation 1, the time series of temperature varies and chlorophyll is held constant at 10 mg Chl a L À1 (Table I , Fig. 5A ). In simulation 2, temperature Simulation type is 'development' for simulations calculating naupliar duration from time series of temperature and chlorophyll or 'coupled' for simulations of naupliar development coupled to larval transport using output of a three-dimensional physical circulation model. b Naupliar duration is calculated over a number of days (simulations 1-5) or spatial locations (simulations 6 and 7) and therefore is not directly related to the range development rate. is held constant at 12.5 C and the time series of chlorophyll varies (Table I, Fig. 5D ). In simulation 3, the hypothetical time series of temperature and chlorophyll both vary (Table I, Fig. 6A ).
Simulations 4 and 5 (Table I) were run using time series of observed nearshore temperature and chlorophyll. The input time series used in these simulations were collected from Puget Sound, Washington, and Santa Cruz, California. For both of these measured time series, temperature and chlorophyll data were averaged by day. Due to the nature of collecting long time series with moored instruments, the measured time series have short segments of missing data. Rather than removing missing sections, gaps in the time series were filled in to preserve the continuity of time. The Puget Sound time series had eight data gaps of >12 h, with a maximum length of 4 days (Fig. 7A) . Data gaps in the Puget Sound time series were filled in by interpolating linearly between the endpoints of data on either side of the gap. There were no data gaps of >12 h in the time series from the Santa Cruz site. A five-point moving average was applied to each time series in order to make trends more apparent on a weekly scale. This filter also ensures that the input values selected for each day are not outliers from the general trends.
In simulation 4, temperature and chlorophyll time series are from the Oceanic Remote Chemical-optical Analyzer (ORCA) profiling mooring station in Carr Inlet, Puget Sound (47.28 N, 122.72 W) . Temperature and chlorophyll measured at 3 m depth were taken at this location from 15 January to 12 October 2002 (Fig. 7A) . The temperature time series shows the following patterns: after an 8.4
C peak in early January, temperature rises fairly steadily from a minimum of 5.3 C on 21 January to 14.8 C on 21 July (Fig. 7A) . The temperature remains high until mid-September, when it begins to drop off to 12 C through the end of the time series on 12 October. In the chlorophyll time series from Puget Sound, chlorophyll concentration is low (<2 mg Chl a L
À1
) between January and early April. There is a bloom with a maximum of 6.8 mg Chl a L À1 on 11 April, and then chlorophyll remains between 2 and 4 mg Chl a L (Fig. 8A) . The temperature time series begins at 12.4 C in mid January, decreases into mid February, rises to 13 C on 25 March and then begins to fluctuate between $11 and $14 C every 3 weeks through the end of the time series. The chlorophyll time series from Santa Cruz begins with three minor blooms with maxima of $5 mg Chl a L À1 . Chlorophyll is low (<3.8 mg Chl a L À1 ) between 20 February and 3 March and then rises steadily to 7 mg Chl a L À1 at the end of the time series.
In simulations 1-5, naupliar development was calculated with a 1-day time step. At each time step, values of temperature and food concentration were obtained from the input time series. The temperature and food concentration inputs are used to calculate a development rate by accessing the matrix of development rates (Fig. 4) . The development rate is calculated by linear interpolation between development rates at the nearest grid and the total naupliar duration was calculated. Development not completed within 60 days was recorded as unsuccessful. Predicted naupliar durations are also compared to a 28 day cut-off, which is possibly a more reasonable maximum duration compared to successful development in the laboratory. Published naupliar durations of B. glandula in laboratory culture experiments are no longer than 28 days (Brown and Roughgarden, 1985; Hentschel and Emlet, 2000) . More research is needed on larval development in the field before a typical maximum duration can be determined, although one estimate from observations in Puget Sound is $4 weeks . The 60 day cut-off is intended to overestimate maximum duration in order to show patterns in predicted duration for conditions when naupliar development is slow.
Simulations 6 and 7 were run with the naupliar development model coupled to output of a three-dimensional physical circulation model. Current velocity fields were obtained from output of the Regional Ocean Modeling System (ROMS), which was configured to a domain of $180 km along the central California coast and $150 km offshore (Y. Chao, Jet Propulsion Laboratories, unpublished data). ROMS solves the hydrostatic momentum equations by a third order predictor-corrector method, using a free sea surface and a vertical grid that follows bottom topography (Marchesiello et al., 2003) . In the Monterey Bay configuration, ROMS was run with a horizontal resolution of 1.5 km and 20 vertical layers and driven by statistical wind fields (Y. Chao, Jet Propulsion Laboratories, personal communication). Balanus glandula larvae are primarily dispersed during times of the year when the predominant circulation pattern in central California is coastal upwelling (Strathmann, 1987; Breaker and Broenkow, 1994) . Current velocities calculated by the ROMS model on a representative day of upwelling, 12 August 2003, were selected for the coupled model. In net tows taken in the Monterey Bay area, barnacle larvae were most frequently located between the surface and 30 m in depth (B. A. Grantham, Oregon State University, unpublished data). Thus, the velocity fields output from the ROMS model were averaged by depth between 0 and 30 m (Fig. 9A) . Temperature data were also obtained from the ROMS model output from 12 August 2003 and averaged by depth over the upper 30 m (Fig. 10B) .
Chlorophyll data were obtained from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and Moderate Resolution Imaging Spectroradiometer (MODIS) satellites (http://oceancolor.gsfc.nasa.gov/). Data from the SeaWiFS and MODIS measurements on 12 August 2003 were sampled onto a 2.2 km horizontal grid within the ROMS domain. These data were combined by averaging values at overlapping grid points (Fig. 10C) . Due to atmospheric conditions, not every grid point contained data. Grid points that were missing data were filled in where possible with satellite data from 11 August, also a day with predominant upwelling conditions. Small remaining gaps were filled with a chlorophyll concentration of 1.0 mg Chl a L À1 , which represents a median chlorophyll concentration surrounding those gaps. The area of the gaps in this final step was <1% of the total domain area.
In simulation 6, constant temperature and chlorophyll fields were used for calculating naupliar development (Table I ). The constant temperature of 14.5 C and chlorophyll value of 5 mg Chl a L À1 results in a naupliar duration of 20 days for all larvae. Simulation 6 was run for 45 days in order for the cyprid stage to last for 25 days, which is a typical maximum cyprid duration (Lucas et al., 1979) . Larvae were released from 12 starting positions near the coastline of the ROMS model domain. Current velocities from the ROMS models, averaged between 0 and 30 m in depth (Fig. 9A) , were used to advect the larvae within the ROMS grid at a time step of 30 minutes. In simulation 7 (Table I) , larvae were released from the same 12 starting positions as in simulation 6, and larval position was calculated with a 30-min time step from the ROMS current velocity field (Fig. 10A) . Naupliar development was calculated from the spatially varying temperature (Fig. 10B) and chlorophyll (Fig. 10C ) fields, with a 1-day time step. Simulation 7 also ran for 45 days. 
R E S U L T S Simulations of naupliar development
Naupliar durations calculated in simulations 1-5 range from 11 to greater than 60 days (Table I) . Simulations 1-3 used hypothetical time series of temperature and food concentration that were formed to represent conditions in coastal waters of central California. In simulation 1, temperature varied from 10 to 15 C and food concentration was held constant (Fig. 5A) . In this simulation, predicted naupliar durations are between 11 and 19 days (Fig. 5C ). The simulated range in naupliar duration is comparable to the results of Strathmann et al. , who measured naupliar durations in the laboratory of 10-22 days for temperatures of 9.5-17 C. In simulation 2, temperature was held constant and food concentration varied from 2 to 12 mg Chl a L À1 (Fig. 5D) . The naupliar durations calculated in this simulation are between 13 and 48 days (Fig. 5F ). In simulation 3, both temperature and food were varied (Fig. 6A) , and the calculated development rates (Fig. 6B ) are a balance of the effects of these two factors. The development rate time series roughly follows the chlorophyll input time series, with peak development rates occurring during the spring and autumn blooms. The temperature time series appears to have the greatest effect on development rates when the food concentrations are at a maximum. The range in naupliar duration calculated from the development rate time series is 12-54 days (Fig. 6C) . In this simulation, the shortest naupliar durations, and thus highest development rates, occur in late spring and early autumn, when higher temperatures combine with bloom conditions (Fig. 6) . The longest naupliar durations occur in winter months, when both temperature and food concentrations are low. Predicted naupliar duration is <28 days, an upper limit to naupliar duration in the laboratory, for a majority of the simulation (February through November). In simulation 3, the difference between the spring and autumn blooms is the direction of change in temperature. As the spring bloom progresses, predicted development rates increase with temperature to a maximum rate, which occurs just before the food concentration begins to decrease. At the onset of the autumn bloom, temperature is high, yet decreasing. The maximum development rate is reached during the autumn bloom when food concentration first reaches its maximum level. The development rate then decreases with temperature even as the food concentration remains at a maximum. Accordingly, the shortest naupliar durations occur at the end of the spring bloom and the beginning of the autumn bloom. Changes in development rate over time are also apparent in simulations using time series of observed temperature and food concentration. The observed time series in simulation 4 (Puget Sound) runs from 15 January to 12 October 2002. The temperature time series rises fairly steadily from January to July, peaks in mid-September and then decreases through the end of the time series in mid-October. The chlorophyll time series has two blooms, in April and August, with the lowest chlorophyll levels occurring in the winter and mid-summer and moderate levels trailing the blooms (Fig. 7A) . The difference between the spring and autumn blooms in this time series and the hypothetical time series used in simulation 3 is that the maximum summer temperature is shifted from July in the hypothetical time series to August in the observed time series. This means that in the observed time series from Puget Sound, the spring bloom occurs under cooler temperatures than the autumn bloom, and thus development rates are predicted to be faster in the autumn. The development rates calculated from the Puget Sound time series show a general trend that matches that of the increasing temperatures over time (Fig. 7B) . Changes in development rate on the scale of days to weeks, however, more closely resemble variation in the chlorophyll time series. Naupliar duration is first completed in less than the imposed limit of 60 days in April and decreases each subsequent month to 16 days in August and then increases to 22 days in September (Fig. 7C) . Naupliar duration is predicted to be <28 days in August and September.
The observed time series in simulation 5 (Santa Cruz) show trends of increasing variability in temperature and increasing chlorophyll concentration between 15 January and 14 July 2004 (Fig. 8A) . These time series result in development rates that, on average, increase over time such that the fastest development rates occur in July, at the end of the time series (Fig. 8B) . Consequently, calculated naupliar duration generally decreases over time, with the shortest duration of 15 days occurring at the end of the time series in June and July (Fig. 8C) . Although chlorophyll rises over most of the time series, there is an extended period of low chlorophyll in late February which overlaps with the longest naupliar duration of 25 days. Temperature is gradually rising over this period; however, the shape of the development rate time series is more strongly influenced by the very low food concentrations. In general, the development rate time series calculated in simulation 5 more closely resembles the chlorophyll time series. Exceptions are apparent when temperature changes rapidly, such as on 16 April, 15 May and 8 June (Fig. 8) . In this simulation, calculated naupliar duration is <28 days for all release dates.
Simulations of coupled larval development and transport
In simulations 6 and 7, larval position was calculated as the larvae developed, using fields of current velocity generated from the ROMS model. Larval development was calculated using fields of temperature from the ROMS model and chlorophyll from satellite imagery. Current velocity, temperature and chlorophyll fields all come from 12 August 2003, a day with typical upwelling conditions in Monterey Bay. The depth-averaged velocity field used in simulations 6 and 7 (Table I) has strong southward flow along the coastline (average velocity $45 cm s À1 ). There is a cyclonic eddy within Monterey Bay with an average velocity of $10 cm s À1 and an anticyclonic eddy as well as meanders of the California current further offshore (Fig. 9A) . In simulation 6, the larvae were transported southward in the strong currents near the coast, with the exception of three individuals (Fig. 9B) . Larva #3 was retained in a sheltered area and moved only slightly northward. Larvae #7 and #8 were released inside Monterey Bay and traveled to the northern and southern mouth of the bay, respectively. In simulation 6, the temperature and chlorophyll fields were held constant, and thus all of the larvae that remained in the domain boundaries matured to the cyprid stage in 20 days. Larva #10 exited the domain before becoming a cyprid (Fig. 9B) .
In simulation 7 (Table I) , larval trajectories were calculated from the same velocity field used in simulation 6 (Fig. 10A) . In this simulation, spatially varying fields of temperature (Fig. 10B) and chlorophyll (Fig. 10C) were used to calculate naupliar development. Due to predominant upwelling conditions, temperatures are low (<13 C, and in places <11 C) along the coastline (Fig. 10B) . The seaward edge of the southward flow in the velocity field (Fig. 10A) lies mainly between the 13 C and 15 C temperature isotherms. Further offshore, temperatures are generally >15 C. Chlorophyll concentrations are <5 mg Chl a L À1 in >50% of the domain area (Fig. 10C) . Two notable areas of high chlorophyll concentration are a region extending through the center of the northern half of the domain, and a smaller area covering most of the mouth of Monterey Bay. There are also small patches of higher chlorophyll concentrations along the coastline. Due to the advection of larvae through regions of low temperature and chlorophyll in the spatially varying fields, not all of the larvae matured to the cyprid stage in simulation 7. The larvae that did become cyprids are larvae #3, #7, #8 and #9 (Fig. 10D) . Larva #3 was retained in an area of higher temperature (>13 C), and larvae #7, #8 and #9 were all exposed to higher chlorophyll concentrations within Monterey Bay.
The naupliar durations of the four successful larvae ranged from 13 to 18 days. The larvae that that did not develop quickly enough to reach a competent settlement size before the end of the simulation were all transported in cold waters with low chlorophyll abundance (Fig. 10D) .
Error margins
Simulations 4 (Puget Sound) and 5 (Santa Cruz) were run with different conditions to test the effects of possible error sources on the predicted naupliar durations. First, simulations were run with a minimum food concentration threshold of 10 À3 cells mL À1 rather than 0 cells mL À1 . For measured time series from Puget Sound, there was an average percent difference in naupliar duration of 6.3%, with a maximum difference of 6 days. For measured time series from Santa Cruz, the difference in naupliar duration was no >1 day (average 1.2% difference). Second, simulations were run with the starting dates of larval release increased by 1 week. Shifting the starting date of larval release changed predicted naupliar duration by fairly small amounts. For simulations using the time series from Puget Sound, the maximum difference in naupliar duration with a 1 week change in release date was 6 days, or a 17% change. With the Santa Cruz time series, a 1-week change in release date led to a maximum difference in naupliar duration of 3 days, or a 12% change in duration. These results show that the perturbations do not greatly change the naupliar durations predicted by the model.
The results of each simulation can be verified by an independent estimate of naupliar duration that was not used to formulate the naupliar development model. Strathmann et al. (Strathmann et al., 1981) estimated larval durations in the field of 2-4 weeks. In comparison, naupliar durations calculated in the simulation using hypothetical time series based on measurements in central California (simulation 3) were between 2 and 4 weeks in February through November (Fig. 6C) . In the simulation with time series from Puget Sound (simulation 4), naupliar durations were predicted to be <4 weeks in August and September. Naupliar durations calculated in the simulation with time series from Santa Cruz (simulation 5) were predicted to fall between 2 and 4 weeks in mid-January through July. In simulation 6, naupliar duration was fixed at 20 days, and in simulation 7, calculated naupliar durations were between 2 and 4 weeks for 4 out of 12 larvae. These results demonstrate that reasonable naupliar durations are obtained from the model, especially from temperature and chlorophyll measurements in central California.
D I S C U S S I O N
The simulation results show that the predicted development rate of B. glandula nauplii increased as either temperature or food concentration increased, within the bounds tested. This positive relationship between temperature and/or food concentration and development rate has also been demonstrated in B. amphitrite (Anil and Kurian, 1996; , Balanus eburneus (Scheltema and Williams, 1982) , E. modestus (Harms, 1986) and Semibalanus balanoides (Barnes and Barnes, 1958) . Thus, the predicted effects of variations in temperature and food concentration on B. glandula agree with the measured effects of these factors on the development of other barnacle species. For simulations of conditions in central California, the estimated duration of the naupliar stages is 12-54 days (Table I ). When the model is driven by time series of observed temperature and chlorophyll, calculated naupliar duration is longer on average, ranging from 15 to greater than 60 days (Table I ). The estimated durations are similar to previous observations in the laboratory and field of $10-28 days for certain months of each time series. Because the naupliar durations that are predicted by the model are reasonable, the naupliar development model is a useful tool for addressing questions of B. glandula larval ecology.
Limitations of the model
Models are useful tools for examining ecosystems but are limited by our scientific understanding of those systems. For this reason, the naupliar development model has at least three areas of inherent uncertainty. One area is the use of laboratory studies as the source of model parameters. A comparison of field and laboratory-reared B. amphitrite larvae suggested that low food concentrations in the field may not prolong naupliar development as much as predicted by laboratory results (Desai and Anil, 2002) . In addition, field measurements of phytoplankton biomass could miss horizontal and vertical patches of concentrated algal cells, resulting in an underestimate of the food availability experienced by the larvae. Thus, using development rates measured in the laboratory may cause the model to under-predict development rates in the field. Second, each step of the conversion of cell volumes to chlorophyll contributes a margin of error. In the first step, we estimated the carbon biomass in laboratory cultures by assuming an average algal cell volume. The percent difference in naupliar development rate between the amount of carbon per algal cell that was used in the model and AE50% of this median value is 0-20% at intermediate temperatures (11) (12) (13) (14) C) and high food concentrations (>10 mg Chl a L
À1
) and 40-90% at food concentrations <1 mg Chl a L À1 . In the second step, we derived the ratio of carbon to chlorophyll, which can vary with environmental conditions (Geider and MacIntyre, 2002) . Similar margins of error in development rates are obtained when the percent difference in naupliar development rate is calculated between the ratio of carbon to chlorophyll per cell used in the model and AE50% of this ratio. The chlorophyll conversion process could cause the model to either over-or under-predict development rates. However, the factors between two published measurements of chlorophyll and S. costatum cell concentration (Anil and Kurian, 1996; Desai and Anil, 2002) are, on average, only 13% different than the conversion factor used in the model. A third area of uncertainty is the use of chlorophyll as a proxy for larval food. Measurements of chlorophyll do not assess the quality of the food, and growth of barnacle nauplii can be supported on some phytoplankton species better than on others (Pechenik, 1987) . Additionally, physiological limitations determine a range of phytoplankton size classes that can be consumed by nauplii (Walker et al., 1987; Anderson, 1994) . The result of using total chlorophyll to represent food concentrations in the field is that development rates may be over-predicted for certain natural phytoplankton assemblages. Although these uncertainties exist, the model calculates naupliar durations that are reasonable to the best of our current understanding. Thus, the naupliar development model can be used to indicate variation in naupliar duration in applications such as simulations of larval dispersal.
The importance of predicting naupliar duration
Knowledge of naupliar duration is critical for understanding larval dispersal and ultimately recruitment. The duration of the naupliar stages has a significant influence on the potential for larval dispersal and the chance of survival to the competent cyprid stage. Naupliar duration also affects the survivorship of cyprid and juvenile stages, a necessary component of successful recruitment. These aspects of larval ecology can be examined through using the naupliar development model to predict naupliar duration under different circumstances.
Larvae are transported to new habitats by ocean currents, and their final destination is related to the length of the larval period. Thus, the combination of naupliar duration and physical circulation play a large role in the fate of each larva, and over the long term, the structure of adult barnacle populations. To demonstrate the significance of larval duration to dispersal outcome, we consider a mesoscale circulation feature in Monterey Bay, California. During active upwelling Monterey Bay is characterized by a cyclonic gyre with a residence time of $8-12 days (Graham and Largier, 1997) . Larvae could be retained within Monterey Bay if their naupliar development is completed on the time scale of this recirculation. Retention of larvae would shape local communities differently than if the populations are seeded by outside larval sources. Additionally, Monterey Bay has high levels of phytoplankton productivity during the upwelling season (Pennington and Chavez, 2000) , so the retained larvae would have a good source of food for development.
Simulations using coupled naupliar development and larval transport models (simulations 6 and 7) were run to examine the effects of spatial variation in environmental variables (currents, temperature and chlorophyll) on naupliar development, and subsequently on the success of larval dispersal. These simulation results demonstrate that mesoscale variability in temperature and larval food are important factors in the success of larval dispersal. In the simulation with variable temperature and chlorophyll (simulation 7), larvae were successful in maturing to the cyprid stage when temperature was not too low and they were exposed to higher chlorophyll concentrations for at least part of their developmental period (Fig. 10) . Other larvae in simulation 7 were transported to settlement habitat but did not complete the naupliar stages and thus were not able to settle in this simulation. Larvae that reach shore before becoming a cyprid can still succeed in settling if they are retained next to shore until they finish developing. However, there is evidence that larvae are exposed to higher predation in the intertidal zone than out in the plankton (Dekshenieks et al., 1997; Pechenik, 1999) and thus would have a lower survival rate. In general, the risk of larval mortality due to predation and other stresses increases with the length of the larval period (Thorson, 1950; Rumrill, 1990) . This suggests that it is beneficial to have a shorter larval duration. There are also risks of naupliar duration being too short, however. For example, one of the larvae in the coupled simulations exited the domain before the simulation ended (individual 10, Fig. 9B ). This larva has the potential to settle farther south, but might mature to the cyprid stage and then deplete its energy reserves before reaching shore. The most successful dispersal likely occurs when naupliar duration and the time for larvae to be transported to suitable habitat are approximately equal lengths of time.
In addition to mortality in the plankton, the environmental factors that contribute to naupliar duration also affect the future success of an individual barnacle. For example, B. amphitrite larvae raised at a low temperature had less energy reserves for the cyprid stage compared to larvae raised at a higher temperature, and thus with a shorter naupliar duration (Anil et al., 2001) . A positive relationship between cyprid size and the volume of the lipid storage cell has been measured for B. amphitrite (Thiyagarajan et al., 2003) and B. eburneus (West and Costlow, 1987) . On average, cyprids of B. glandula are larger after a shorter naupliar duration than those obtained after a longer naupliar duration (Brown and Roughgarden, 1985) ; thus larvae which develop faster may accumulate more lipids. Greater energy reserves would either allow longer cyprid duration or supply more energy for early juvenile survival. When energy reserves are depleted past a certain point, cyprids are less successful at metamorphosis (Jarrett, 2003) and eventually lose the ability to settle and metamorphose (Lucas et al., 1979; Pechenik et al., 1993) . In B. amphitrite, a prolonged cyprid stage, meaning reserves are more depleted, results in small juveniles with slower growth rates (Pechenik et al., 1993; Thiyagarajan et al., 2003) . Therefore, the naupliar experience affects survival beyond the naupliar period, and by altering recruitment success, affects intertidal communities.
C O N C L U S I O N S
We have developed a model that characterizes the effects of temperature and food concentration on naupliar development. The results of model simulations compare favorably with previous observations of B. glandula naupliar duration. Thus, the naupliar development model can be utilized as a component of models of larval dispersal. Results of simulations with the naupliar development model coupled to physical circulation model output demonstrate the interaction of circulation patterns and environmental factors that affect development on the success of larval dispersal. Larvae that experience cold temperatures and/or low food concentrations as they are dispersed do not successfully develop, and thus cannot settle even if they arrive at suitable habitat. Patterns of naupliar duration have important implications for larval dispersal and intertidal ecology. Naupliar duration affects the survival and dispersal of individual larvae and, summed over many individuals, the population dynamics of barnacles. We can address these issues by using this modeling approach to predict larval duration.
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